Fresh osteochondral allograft transplantation is increasingly used for the treatment of cartilage pathologies of the knee. It is believed that transplantation success depends on the presence of viable chondrocytes in the graft, but methods to evaluate graft viability require the isolation of chondrocytes by enzymatic digestion of the cartilage and/or the use of radioactive precursors. We have adapted the well-known cell viability assay based on the reduction of tetrazolium derivatives to evaluate cartilage viability. We took advantage from the histological properties of cartilage tissue and the fact that some tetrazolium derivatives (e.g., WST-1, XTT) give soluble reduction products that can permeate the hyaline cartilage matrix. We have validated this assay in human cartilage explants from arthrotomy interventions and deceased donors, measuring the reduced product in the explant supernatant. Using this method we have compared the performance of several culture media in cartilage viability. From those tested, DMEM supplemented with fetal bovine serum results in higher viability of the cartilage and the explants remain viable at least 15 days in culture at 37°C. Cartilage cells continued expressing chondrocyte-specific genes, suggesting the maintenance of chondrogenic phenotype. The described method offers a quantitative and convenient method to measure the viability of human cartilage grafts.
INTRODUCTION
versial (1) (2) (3) 14, 21) . The storage of osteochondral graft remains a concern because clinical outcome is believed to depend on the presence of viable chondrocytes so as The tetrazolium derivatives are reduced by metabolically active cells by the action of oxidoreductases. The to maintain the cartilage matrix. However, there is no an easy and quantitative method to determine cartilage amount of reduced product (formazans) directly correlates with the number of viable cells and this is basis for viability. Cartilage viability has been assayed through several methods: histological analysis, vital staining of a long-used test for cell viability (12) . Whereas most of the formazan salts are insoluble, there are also tetrazo-isolated chondrocytes (after cartilage digestion) with vital fluorochromes, or apoptosis assays on cartilage slices lium derivatives such as WST-1 and XTT that give soluble products (13) .
under the microscope. Biochemical methods such as synthesis of cartilage-specific proteins by incorporation Osteochondral allograft transplantation is widely used for the repair of articular cartilage injuries (4,6,7, of radioactive precursors or immunological methods (9, 15, 20) have also been used. All these methods are 11). Today the most common practice is to store the graft for short periods of time in tissue culture media at complex and/or require digestion of the cartilage and thus are unlikely to be used as a routine technique in 4°C or 37°C, although the temperature and the time that allografts can be stored prior to transplantation is contro-transplantation procedures.
Articular cartilage chondrocytes obtain the nutrients resuspended in DMEM, and the viability analyzed by trypan blue in a hemocytometer. Cells were seeded in by diffusion from the synovial fluid, because of the permeability properties of the cartilage matrix (8) . We cell culture dishes with the media described above. tested the hypothesis that tetrazolium compounds and Histological Analysis soluble formazan products can permeate the tissue and hence be detected in the culture medium. Here we de-Cartilage slice explants were fixed in 10% buffered formalin, processed to paraffin, sectioned at 5 µm, and scribe an easy, quantitative, and reliable method to evaluate cartilage viability in culture based in tetrazolium stained with hematoxylin and eosin. On average, three slides were prepared from each fragment. salts reduction.
MATERIALS AND METHODS mRNA Determination by RT-PCR Human Cartilage Samples
Total RNA was extracted from human articular cartilage with the Trizol reagent (Invitrogen). Reverse tran-Donor cartilage tissue was obtained from prosthetic scription was performed using the iScript cDNA Synthesurgery of knee performed in 14 patients in Hospital sis Kit (BioRad) and PCR was carried out the Biomix-Universitario Marqués de Valdecilla (Santander), under
Red Taq polymerase (Bioline). Primer sequences (indiinformed consent of the patients. Cartilage tissue was cated in forward and reverse order) were as follows: also obtained from five deceased multiorgan donors, unribosomal protein S14 (RPS14): 5′-GGCAGACCGA der institutional review board approval. Slices of articu-GATGAATCCTC-3′ and 5′-CAGGTCCAGGGGTCTT lar cartilage of 20-30 mm 2 and 1-2 mm thickness, GGTCC-3′; collagen II: 5′-TCTGCAACATGGAGAC 60-90 mg wet weight, were excised from femoral con-TGGC-3′ and 5′-GAAGCAGACAGGCCCTATGT-3′; dyles under sterile conditions. aggrecan: 5′-GTGAGCTCCGCTTCTGTAGT-3′ and 5′-Culture Media and Culture Conditions ATGCCCAAGACTACCAGTGG-3′; Sox9: 5′-ATCT GAAGAAGGAGAGCGAG-3′ and 5′-TCAGAAGTCT Unless otherwise indicated, the basal media used was CCAGAGCTTG-3′ (10) . PCR products were analyzed Dulbecco's modified Eagle medium (DMEM). RPMIby electrophoresis in agarose gels and visualized under 1640 and HAM-F10 media (Life Sciences-Gibco) were UV with ethidium bromide. also used when indicated. The media was supplemented with antibiotics and 20% of pooled human serum, new-Clonogenicity Assays born calf serum (Linus-Cultek), or fetal bovine serum Cartilage samples were digested as described above. (Linus-Cultek). Explant slices of cartilage were culti-Cells (3,000) were plated and cultured with DMEM, vated in 1 ml of medium in 24-well plates at 37°C and RPMI-1640, or HAM-F10 supplemented with 20% FBS. 5% CO 2 . The media were changed every 3-4 days.
Media were changed every 3-4 days. After 15 days, the WST-1 and XTT Reduction Assays colonies were stained with crystal violet solution (1% w/v in methanol) for 15 min, washed with water, dried, The tetrazolium derivatives used were 4-[3-(4-yodoand counted. phenil)-2-(4-nitrophenil)-2H-5-tetrazolium]-1,3-benzene disulfonate (WST-1) and 2,3-bis(2-methoxy-4-nitro-5-
As the major aim of this work was to evaluate the hydroxide (XTT). WST-1 and XTT assays were perreduction assay of WST-1 and XTT as a method to deformed with kits from Roche Applied Science (Manntermine the viability of cartilage grafts in culture media, heim, Germany). WST-1 (0.1 ml) or 0.5 ml of XTT rewe first tested the method on isolated human primary agent (premixed with electron coupling reagent) was chondrocytes. The chondrocytes were isolated from added to wells with cartilage explant in 1 ml of media.
fresh cartilage and increasing number of cells seeded in After 24 h of incubation at 37°C, the color from aliquots 96-well tissue culture plates. The results showed that the of 0.1 ml of media (containing the reduction products)
WST-1 and XTT reduction correlated with the chondrowas measured in a plate colorimeter, at 405 nm (WSTcyte number (not shown). The data were in the same 1) or 490 nm wavelength (XTT). Blanks were prepared range as other human cells such as leukemia K562 and with media without cartilage. Explants were then weighed colon carcinoma HCT116 (not shown). and the results referred as absorbance units per gram of We next evaluated this method to measure the viabiltissue.
ity of human cartilage explants maintained in culture.
Cartilage Digestion and Chondrocyte Isolation
Cartilage discs from 19 donors (12 from arthrotomy interventions and 5 form deceased donors) were stored in To isolate the chondrocytes, cartilage explants were digested with hyaluronidase, protease, and collagenase culture with DMEM/20% FBS for 7 days at 37°C. The viability of these cartilages was compared with that of essentially as described previously (20) . The cells were cartilage fragments of similar size from the same con-after 21 days in culture. To confirm this, we performed histological analysis of two cartilages cultured for 15 dyle heated in PBS for 20 min at 80°C (to kill all cells of the explant). As a second negative control, we tested days. The results (Fig. 2B) indicate that the cartilage maintained in DMEM/20% FBS showed a normal histo-six explants incubated with PBS (i.e., in the absence of nutrients) for 7 days. The results, as shown in Figure 1A , logical appearance, with lacunae and isogenous groups with chondrocytes. In contrast, in the cartilage maintained demonstrate that reduced WST-1 and XTT is present in the media of cultured cartilage fragments, but not in the in PBS the lacunae were empty or contained cells with shrunken cytoplasm, suggesting necrosis. media of heated explants or explants incubated with PBS. This indicates that the WST-1 and XTT tests are
We next asked whether the chondrocytes in the cartilage retained their functionality and maintained the measuring viability of the cartilage explants. As subchondral bone is washed out of cells prior to grafting in expression of cartilage-specific genes. We tested the expression of three chondrocyte-specific genes: one tran-transplantation procedures, we focused on cartilage tissue explants, but the same result was found in the analy-scription factor (Sox9) and two matrix components (aggrecan and collagen II, respectively) (19) . The ex-sis of two osteochondral plugs (not shown).
To confirm the previous results, we analyzed the via-pression was determined by semiquantitative RT-PCR in the chondrocytes isolated from cartilage cultured in bility of chondrocytes isolated from 11 explants after 7 days of incubation and from explants after heating. Via-DMEM/20% FBS for 1 and 15 days. The results (Fig.  3) demonstrated that the three genes were expressed at bility was determined with the trypan blue vital dye. Ninety to 97% of cells from cultured unheated cartilages comparable levels at both time points. As a negative control we used human primary fibroblasts. Thus, the were viable, whereas chondrocytes from heated cartilages were dead, consistent with the results obtained by chondrocytes in the cartilage explants after 15 days in culture were not only alive but biochemically functional. WST-1 and XTT assays.
Once established that the WST-1/XTT method was The previous data were generated in cartilages cultured in DMEM as basal medium. However, there are appropriate to determine the viability of cartilage in culture, we evaluated the effect of the culture time on via-no indications in the literature on the performance of different media with respect their ability to support carti-bility. We performed viability determination after 1, 7, and 14/15 days in culture in DMEM/20%FBS. The re-lage viability. We tested three of the most used cell culture media: DMEM, RPMI-1640, and HAM-F10. The sults ( Fig. 2A) showed that cartilage allografts can be kept in culture for up to 15 days without significant loss results (Fig. 4A) showed a similar viability the first day, as expected, but after 7 days the cartilage fragments in-of viability. In two cases tested, viability remained high cubated in DMEM showed higher metabolic activity. However, the performance of different types of sera on cell growth may vary greatly among cell lines, and sera contain growth factors that support human chondrocyte proliferation and differentiation (17,18). However, we did not find significant differences in viability between fetal, newborn calf, and human sera (not shown). We next asked whether the better performance of DMEM in cartilage viability correlated with its ability to support human chondrocyte proliferation. Chondrocytes were isolated from five donors and clonogenic assays were performed in DMEM, RPMI-1640, and HAM-F10 supplemented with 20% FBS. The results (Fig. 4B) showed that DMEM performed similar to HAM-F10 in supporting chondrocyte clonogenic growth. The results indicate that the ability of a media to maintain viability in the the assay based on the reduction of tetrazolium salts that give soluble formazan products such as XTT and WST-1. These reagents are widely used for determination of viability of cells in culture, but we adapted the method for cartilage allografts based on the permeability of the articular cartilage matrix. This allows the diffusion of the XTT and WST-1 through the matrix to chondrocytes and of the soluble reduced products to the media supernatant. In contrast, other tetrazolium salts such as MTT, which give insoluble formazan products, require detergent-mediated solubilization of the cartilage (5). The method described in this work is: i) convenient, not requiring the digestion of the cartilage to isolate the chondrocytes and does not involve handling of radioactive chemicals; ii) sensitive, as can be used with small amount of tissue (a disc of about 30 mg weight); iii) allows objective quantification of the viability; and iv) does not require equipment other than a plate colorimeter.
Using this method we found that cartilage allografts can be stored in culture media for up to 15 days at 37°C without significant loss of viability. We hypothesize that 37°C is the physiological temperature and thus we tested viability at this incubation temperature. In contrast, cartilage rapidly lost viability when placed in PBS instead of culture medium, indicating that nutrients must get to press the chondrocyte-specific genes and loss of the mechanical and biological properties of the articular cartilage after grafting. We found that morphology of the chondrocytes was unchanged and expression of three chondro-specific genes continued unabated up to 15 days in culture, confirming that the cells were not only viable but also retained the chondrocytic phenotype.
In conclusion, we describe here a quantitative and convenient method to test the viability of human cartilage in culture that can be easily applied to human osteochondral transplantation. Figure 3 . Expression of chondrocyte-specific genes in human cartilage explants from two donors and, as a control, primary ACKNOWLEDGMENTS: The work was supported by grant PI02-0864 from Spanish Fondo de Investigaciones Sanitarias human fibroblasts (HF). Explants were incubated for 1 or 15 days in DMEM/20% FBS as indicated. mRNA levels for colto J.G.C. and API05-17 from IFIMAV and SAF05-00461 to J.L.S. We are grateful to the transplantation surgical team of lagen II, aggrecan, Sox9, and RPS14 (as a control for RNA loading) were determined by semiquantitative RT-PCR.
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